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Abstract 

Operation of deep space missions requires stabk frequency references and clvcks to pe@rm sev- 
eral mission critical functions. These rejierences are wed in generating the tekcommunicution links to 
maintain communications between earth and spacecraJ, in generating accurate hppler, range and K B I  
ohservubles for determining the spacecraft's time varying position, and to generate on-board timing in- 
formation for clocking out timed commands and time tagging instrumenl ddu. In addition, science ap- 
plications exist particularly those utilizing rudio instrumentation which can require additional functions 
and kvels of performance. The design necessuty to support these functions afects both the spacecruj? and 
t h  ground tracking stdions. This paper provides a brief description of these functions and some of the 
key requirememk needed to support them. 

I. Introduction 

The operation of deep space missions require the utilization of stable clocks and frequency references 
to perform severd mission-critical functio~ls both on-board thc spacecra,ft as well as at  the ground 
tracking stations. The tclecomrrlunica,tions link 11eedcd to maintain comnlunications betwccn earth 
and the spacecraft is derived frorrl these oscillators. 'I'hey pla,y a. role in the following functions: on- 
board timing, telemetry, navigation, a,n d scienc,e. Thot~gh there is potentially sl~bstantial overlap, 
these fu~~ctioris  are typic.ally supported by distinctly different clocks on-board the spacecraft. Thc: 
design necessary to support these functions alfects the ground tracking stations as well. Navigation 
data, abservables as well as certain radio science experiments requirc ground-based hydrogen maser 
clocks to  provide superior stability (in ter~rls of Allarl deviation a t  1o1lge~ integration times) over 
crystal oscillators. 

11. On-Board Timing 

As part of the spacecraft's command and data handling subsystem, the on-board clock has the 
function 01 gencrating timing infor~llatio~l for clocking-out stored corrl~rlands and time tagging 
payload data. The on-board timing clock provides timing signals rlrcdecl to time tag events observed 
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1)y the different spacerraft engineering subsystems and science irlstrurne~lt payload. The time-tagged 
rla,ta is either tra~isrrlittcd to earth i n  real-tir-nc or recorded on data storage units for telemetry 
transmission durir~g sorue period followirlg the flyby. a 

Typically based on redundamt crystal oscillators opcrati~lg at or near 5 Mllz, the da.ta, ha~idling 
clock is sta.hle to 5x10-" over any one minute. The oscillator sig~lal is divided into rlock frequencies 
ranging from 0.25 IIz to 640 kIlz which arc then clistrihuted to engineering and scie~itific suhsystern 
users. 'I'he clock provides a time code that  is inserted in the data pa,ckets. The time codc may 
contain 40 bits divided illto a, coarse and finc time segments and is transmitted once every sccond. 
The coarse time code, 3'2 hits, is a stra.igllt, continuoi~s binary count oS seconrls wit11 the I,SR being 
1 seccmd. Its period is 2" wscc:onds, or 136 years. 'l'hc fine time codc, 8 bits, is a, straight co11 nt of 
llinary fractional snbsec,onds with thc LSR being 1/'256; seconds. 

Execution of corliplicated sets of stored corrirr~arids is rcquired to successS111ly opcra.te a complica,ted 
p1a)netar.y I-nissiosi particularly in the outer solar syster-n. As Voyager 2 approached Ncptune, thc 
time dclay fro111 command transmission to  rec,eption a t  the easth of the spaccr.raft command co~i-  
firmati011 was more than eight hours. The ma.gnituc1e of this dclay was conipasable to the entire 
close-np flyby period ma.kiag autonomo~ls spacec,raft operation an absollite necessity. In general 
for planetary r-nissions, the spa.cccraft rriust act as a robot execllting a precisely timed series of prc- 
progrsmmed command seqnences by relying on an on-board dock t o  deterrrline proper execution 
time. These commands are carefully designecl on earth, up-linked and stored on-boa.rd the space- 
craft as mnch as a year prior to  the flyby (snl)seyuent modificatiorls are up-linked as necessa.ry). 
During a close flyby, the rcquired accuracy of col~llnand cxccutior~ timing can be a Sraction of a, 
srtrond. To achicvc this prec,ision during the long Voyager rrlission thc  clock was seldom correctecl; 
instead, the clc~ck drift was conti11uall.y ~nonitorcd during the months prior to each flyby, the olf- 
set esti~nated and the execution times of comma.nrl setlueIices then stlifted to  cornpensatc for the 
a,nticipatecl clock error. 

The tightest rcrluirements on cxecu t io~~  tirne accura.cy occur when the spacecraft ilies very close 
to a,n object of interest ca,usi~ig the geometry to  change very rapidly. 111 the case of thc Voyager 
Neptune flyby, the tightest retluirel-nent was driven by the "limb-tracking" m;Lne,uve,r exccoted 
d~lring the. radio occllltatio11 observations of the plulet's atmosphere. This maneuver is executed 
while the spacecraft flics hcihind Neptune as viewed fro111 the earth. It ~rlaintains t he sparet:raSt 
orientation such that  the three mctcr telecorrlrr~urlications antenna is pointed a.t thc loca,tiorl in t'lie 
planet's atmosphere where the itnage US the earth ap1)ca.l.s in order that the spa.cecraft's signal can 
be received on earth throughout the occu1ta.tio11 periocl. The narrowness of the spac,ecraft a,ntenna 
bear11 ancl the ra.pidly cl~arlging gcotnctry required an execution accuracy of approxitna,tely one 
second. The cor-nbinatinn of the clock drift ancl navigation uncerta.inties required this comrna~id 
sequence to be updated .about one week prior to thc encounter. 

111. Telemetry 

I11 deep space cornrnunications, thc design d ~ o s e n  to get science and e~lgineering data fro111 the 
spacec,raft to  the cart11 phase mod111a.tcs the data onto a video frctlue~icy subcarrier which is rnodu- 
lated onto a xnicrowave carricr sig~ial [I]. This requircs three oscillators: one to  gcnerate the carricr 
signaa.l, one to drive the s~~bcarr ier  signal, and the data  rate clock. These oscillators are separatc 
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and indepe~ident of one another to avoid coherent spurious sigrlals which can severely degrade the 
a,ccura,cy of the clata recovered i11 the demodula.tion process. The oscilla.tor frorn which the carricr 



sigrld is derived is a crystal oscillator eitlrer liee running or voltage controlled to  r n a i n t a i ~ ~  phase- 
lock wit11 the 1.11)-link sig11aJ frorn ea,rt21. The  Gee running type is either av ;~uxili;i~ry ~sc i l la~tor ,  
p1'0viiIed as  pa,rt of the spa,c,ecr;tft's st;i,ucla,rd t ranspol~der,  or ; ~ n  "ultra-stable" oscill;i.tor (US O) ,  
which is available on certain dccp spa,ct niissinns 3,s instrilrncnta,tion for ra,din scicnct cxpc:ritnrnts 
ancl will he  cliscussed further under the role of clocks i n  scicnrc. Frcc rnnning oscillators a,rc ~ ls rd  
when c,olllrnunicatioli is in the "one-way" cloppler rnodc whcrc no uplink frorn t h t  ground is tither 
ncccssa.ry or ava.ila.blc. 'l'hc volta,gt controlled oscilla,tor* (VC:O) is ~ ~ s e d  w11c:n the space(:ra,ft is in 
two or three-way mode of cornrnunicatinn with grrn~nd stastioms a,rlcl thc! nplink signd is used as 
the pha8se reference lor the downlink carrier signal. Thc  onc-way r-nodr is sir-nplcr a,nrl mosr robast 
whereas the VC:O mode is typica,lly i~scd whctl ra,tigc anti tlc~ppler na,vigation da ta  is also required. 

l'lic, sccond clock which drives the subcarrier is a free ruruling crystal oscillator in t,hc tclc~-r~c.t,ry 
~l lodulat ior~ unit . The Ll~ird cloc,k, the d aka, ra.tr clock is a csystaJ o~cil.1a~tc.1~ residing in the colnlnand 
a.nd da,ta, ha,ndling subsystelll discussed in the previous section. 

From a ttlcmctry sta.iltlpoi~~i;, the p r i~na ry  requirement is that  these oscilla.tors bc pli;tse c:oherent 
ovtr the time scrales ilrlportarit Lo phase modulation a,nd detnodi~la,tic)n. This is required in orcler that  
the  phase modnlatiorl be readily detectcd i n  the  presence of the natural variability of the reference 
signa,l phase. Deep space da t a  rates gcncra,lly ra,ngc from a few bits per second to 1i11ndsctls of 
kilobits p r r  second irnplying tirue scales ranging frorn r.nicrosccor-ids up  to  a seconcl. This t yp t  of 
reqnircrncnt lea,ds t o  frequency slability rcq~~ircrncnts  (xi tlie order of 10vl' a t  1 strotltl for the 
carrit r signal c)scillator. In practicr, t h r  a~lxiliary oscillator, the teler-ne try r-r~od ula,tic)n unit clock 
and the corn !-nand and da t a  handling clock arc! a.ll of comparable st;hility, 

IV. Navigation 

Oscillators and clocks are used in naviga,tiotl t o  gerrer;~te accurate dopplcr, ra,nge, a l ~ d  very long 
baseline intcsfcrometry (VLBI) ohscrva,blcs for deterrllil~il~g the spa,cccsa,ft's position as a fi~nction 
of titnc. Deep space rllissions a,rt general1.y navigated via, radio tracking where signals  re typically 
rcfere~iced to groiind-hascd clocks such as 11 ydroge~i rrlasers in two or tlisee-way coherrnt doppler 
modes. Optic:;iml navigation is usrd on some missions when the spacecraft is suIIiciel~tly close tc) an 
object that  pict uses are useful indctcsmining its position rcla,tive to  Llle ohjcrt.  

There arc: three categories of ra,dio ~iavigation da.ta, types: range, rangc ra,te (doppler) a.nd VLBI. 
K.angc a,nd range rate arc: mcasurelnents of pal 11 l r ~ l g t l ~  and cha,ngc in  pa,t21 length a,long the line of 
sight hctwceri the ea8rth and spa,cecraft. By obscrvirjg the cl~angc i n  the pat11 length 3,s tlle earth 
rotates one can also determine the spa,cecraft angu1a.r posii.ic:~n in the pla,nc> of the sky [2]. VLBl 
directly rnea,sures the spacccra.f't ii,ngular positior~ a,r~cl its rate of cha.r~ge. The  rangc and VLBI type 
rneasuremcnts a,rke orthogonal a,nd tl~erefore cor-nplcrner~tary in dctcrrnini~lg spacecraft position. 

Following thc discussion of [2], a, range obscrva.ble is a measure nf r o n ~ ~ d  trip light tirrie (R,TT,T) as 
recorded by the sta,tiol~ clock 

where ,TT(lk) is the time a.s kept by the station clock a.t true time t k .  A doppler mrasurhel~~elIt elk 
is clefined i n  terlns of differcnccd r;i.nge by: 



where T, = tkt l  - tk  is the doppler count timc. 

It is clear from these simple expressions that two of the relevant time scales are the signal integration 
tirne (on t l ~ e  order of secol~ds to minutes) and the R'I'LT (minutes to hours). The duration of the 
sta.tion7s tracking pass (z 12 hours) is also i~nportant  particula,rly for determining the angular 
position. With the present performanc,e of hydrogen masers used in the DSN, the clock is generally 
11ot the limiting error source in two and three way doppler or range rueasurements. A more detailed 
description of the error hndget in the navigation observables is give11 in [2]. 

One-way doppler measurrtnents are seldom used a t  present bccause of the instability of spacecraft 
oscillators. Howcvcr, as spacecraft oscillators continue to  irrlprove one-way doppler may be used 
Inore frequently. One obvious scenario is the case where a number of spac,ecraft are in orbit around 
a, pla,nct or r e s id i~~g  on its sorface. It would be desirable to  have a navigation system which did 
not require separate stablc uplink sigr~als to each vehicle. If sufficiently stable oscillators could be 
placed on each vehicle, then all navigation could be done utilizing one-way links with a single ground 
tracking al~terlrla dramatically reducing the complexity of the ground equipment requirements and 
operation. 

In VLBI, the relative dclay between the arrival of a signal received at  a slnall set of widely spaced 
sites is measured. 'I'his delay is a furrlction of the angular position of the spacecraft. Recause the 
receive sitcs asre so widely separated, indepcnrlent clocks must be used at  each site. Any clock 
errors cause a.n error in the llleasured delay crrating an error in the inferred angnla,r position. This 
woill(1 cause clocks to be a major crrot. source in VLBI lneasurements except that a differential 
observatio~~al technique is used to  rctnove Inany o l  the instrumental effects including that of the 
clocks. 'rhe technique is silr~ply to sequentially observe the spacecraft and a natural radio source 
whose ar~gular position is well estahlislicd. In this way the spacxcraft's angular position is measured 
relative to the radio source and Inany of the common mode error sources such as clocks simply 
cancel. 

V. Science 

Scientific experiments utilizing radio instrumentation have cvolvcd largely out of the navigation 
c;tpa.l)ility and can require additional clock functions and levels of performance. These experiments 
c,an largely he broken into two classes. The first measures gravity and celestial mechanics related 
parameters. Two and three-way coherent doppler measurements are used to study gravity fields of 
planets as well as search for very low frequency gravitational waves. Two-way ranging measurements 
to the spacecraft as the spacecraft flies by the target body arc: used to derive a more accurate orbital 
ephemeris of that  body . 
The second class of observations measures the effects of media on the telecornmunirations signals 
as they propagate between the earth and spacecraft. The various media probed includes planetary 
atmospheres, ionospheres, magnetospheres and ring systenls as well as interplanetary plasma gener- 
ated by the sun. A particularly thorough overview and discussion of these propagation cxp~rirnents 
is givrn i n  [3]. 

The different experiments each have their own desires and needs. [4] discusses three of the exper- 



iments which have t e n d ~ d  to  drive the perfornlance of the ground tracking station and spacecraft 
oscillator performance. The celestial mechanics experiments are typically operated i n the two and 
three-way coherent doppler modes and utilize the station's clocks for frequency reference. Oc- 
cultation and some relativity sxperiments are conducted in the one-way mode and utilize a TJSO 
on-board the spacecraft. The U S 0  is used as a reliable frequency reference in the onr-way mode 
when intervening media or solid bodies degrade or block thc uplink to the spacecraft. The first 
such device was implemented on the two Voyager spacecraft and was very much respo~lsible for 
many of the impressive set of results achieved by the Voyager radio science experime~its. 

The USO's implemented t o  date have co~lsisted of a single qrlarta crystal oscillator operating ncar 
5 MHz which is multiplied t o  the desired niicrowave signal frequency (e.g., X-band). The most 
recent USO's built for Mars Observer and TOPEX have demonstrated performance around one 
part in 10-~"ronl 1 up to  1000 seconds. These crystal USO's are highly sensitive to  the ambient 
environment and are, as a result, contained in temperature controlled single or dual oven dewars; 
thermal coefficients can then reach 10+'")er degree centigrade. Depending on the mission some 
USOs must be radiation hardened and somc must be shielded against stray magnetic fields generated 
by adjacent equipment on the spacecraft. Despite the cnvironnle~ltal sensitivities, these oscillators 
arc well suited to planetary missio~is. small, light weight and consur-nr a small a~rlount pf power 
(primarily for the oven) and havs optirrlum performancr (in terms of the Allan dcviatio11) in the 1 
to 1000 second regime which is the typical regime of interest for occultation type ~neasureincnts. 
Unlike all the other oscillators on a deep space spacecraft, the 1JSO is co~isidered a science payload 
and is, therefore, designed t o  less stringent requirements in terrns of reliability and redundancy. 
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